To meet the ever stringent grid codes, the high power converter systems have multiple converters connected in parallel and require high order filters due to their limited switching capability. Controlling the grid current and, at the same time, ensuring equal current sharing is a challenge that these converters have to face. There are two main methods on how to control the output current of the converter system: either by directly controlling the total grid current and applying the same gate signals for all parallel converters, or by controlling the individual converters' currents. Using simulation and experimental results, this paper presents the advantages and disadvantages of both control methods when applied on a converter system consisting of two parallel interleaved converters connected to the electricity grid through a high order filter. For a better comparison, a controller design for both methods is also included.
Introduction
The penetration of wind power in utility grid networks has increased during the last decade [1] . To ensure a stable operation, more and more stringent grid codes are put into practice. One of the most stringent standards for the wind turbines is the German BDEW standard. This standard specifies the harmonic levels up to the 180 th harmonic, with special emphasis on some low order harmonics [2] . In order to meet these grid codes, the energy has to be processed by a Wind Energy Conversion System (WECS), which often employees a full scale converter [3] . The most commonly used converter is the Voltage Source Converter (VSC) [4] .The power level capability of the VSCs is limited. To increase the power level of these converter systems, several similar converters have to be connected in parallel [5] . Moreover, the switching capability of the high power devices is rather low and high order filters are required to comply with the standard requirements. A trap filter is used in [6] to eliminate the switching harmonics from the grid current. The use of a trap filter combined with the grid side and converter side inductors can offer the required filtering, with reasonable size, to meet the BDEW standard.
The carriers of the parallel connected VSCs can be interleaved to reduce the filtering requirement and decrease the stress on the dc-link capacitor [7] . On the other hand, interleaving the carriers of the VSCs will lead to a high frequency circulating current to flow between the two VSCs [8] . This is caused by the phase shift between the pole voltages of the VSCs (measured with respect of the O point of the dc-link). The circulating current causes additional losses in the system and it should be minimized as much as possible. Several solutions have been proposed and used in the technical literature to suppress the circulating current. An isolation transformer is used at the output of every parallel converter in [9] . While, in [8] the authors use a common mode (CM) inductor, which is placed at the output of each parallel converter. Authors in [10] [11] [12] [13] use a coupled inductor (CI) based solution, which is placed between the same phases of separate VSCs. The CI based solution is preferred in this paper. The drawback of this solution is that equal current sharing has to be ensured since unequal current sharing causes a low frequency circulating current to flow between the parallel converters.
Failing to comply with this might saturate the CI [11] . The unequal current sharing can be caused by multiple sources such as mismatches between the converter parameters (i.e. parasitic impedances, mismatches due to manufacturing) and because of differences in gate signals applied to the VSCs. The reference voltage waveforms of the converters are synthesized by using Pulse Width Modulated (PWM) signals. Authors in [14] investigated the effect of the different PWM schemes on the CI, regarding maximum flux density and core losses. It has been found out that the maximum core losses will occur if the DPWM1 method is used. In [15] a modified discontinuous PWM method is presented, which helps in reducing the size of the CI. On the other hand, the usage of DPWM1 results in the smallest switching losses for grid connected applications [16] . In this article for modulation the DPWM1 strategy is used, because of its' low switching losses.
Furthermore, the grid operator can specify the amount of the active and reactive power requirements for the WECS. In order to comply with these requirements, a grid current controller is needed [17] . Considering the topology presented in Fig. 1 where two VSCs are connected in parallel, there are two possibilities on how to control the grid current. In the first case the feedback signal can be the grid current itself (Ix,g, where x represents the individual phase and x=[A;B;C]) and the controller calculates the duty cycles and applies them to both of the VSCs. The other method is to use the converter current as a feedback (Ix,1, Ix,2), and by doing this, individual current control is achieved and the grid current will be the sum of these two currents minus the current which flows through the trap branch. Both of these methods have their advantages and disadvantages with respect to performance, stability and implementation. From the grid point of view, the driving factor is the quality and power factor of the grid current. However, from converter point of view, an additional driving factor is to have small filters and to ensure a stable operation. This article presents a comparison between the converter current controller and the grid current controller, when a high order filter with passive damping is used. During the comparison the advantages and disadvantages of both of the solutions are presented through simulation and experimental results. The main focus is on current sharing performance of the two methods and their behaviour during steady state and transient operations. Furthermore, the transfer functions of both of the systems are presented, and a current controller is also designed for both of the cases. The results are illustrated on a simulation model and on an 11 kVA experimental test setup.
The article is structured as follows: The second section describes the system under test. The controller design and structure is presented in the third section. Then, the behaviour comparison between the investigated controllers under different conditions is presented. The experimental results followed by the conclusions are presented last.
System description
In Fig. 1 , the schematic of the grid connected part of the WECS is depicted. The system contains two parallel connected VSCs, three CIs which are used as the circulating current filters (Lcirc), a differential mode filter (Ld), a trap filter with a parallel RC damping and a step-up transformer. The transformer is needed in order to be able to connect to the medium voltage network. Furthermore, in Fig. 1 , Vdc is the dc-link voltage, Ix,1 is the output current of VSC1, Vx,c is the voltage measured at the trap plus damping branch, Ctrap is the capacitor of the trap filter, Ltrap is the inductance of the trap filter, Cdamp is damping capacitor, Rdamp is the damping resistor. The switch current can be given as: If there are no control and hardware asymmetries between the VSCs, the current is shared equally between them (Ix1=Ix2). While, the total current can be written as
Thus, the grid current can be expressed as
where, ΔIx is the current flowing into the trap branch.
By interleaving the carriers of the VSCs, the first order switching harmonic will not be present in the sum of the phase current (Ix), if an interleaving angle of 180 o is used. Furthermore, this interleaving angle has been chosen due to its optimal harmonic performance at high modulation indices [7, [18] [19] [20] . Since the first order switching harmonic is eliminated, the predominant current ripple in the total current will have a frequency twice the switching frequency (fsw) [18] . To eliminate this harmonic content from the grid current (Ix,g), a trap filter is connected in parallel and its resonant frequency is tuned for twice the switching frequency.
For a better understanding and for modelling purposes, the single phase simplified scheme of the filter is presented by Fig. 2 . This figure contains the converter and grid side inductors (Ld and Lg), the parallel trap branch with the parasitic resistance of the filter (Ctrap, Ltrap and Rtrap), and the parallel passive RC damping branch (Cdamp, Rdamp). The resultant pole voltage (VPWMx,avg) is the average of the individual pole voltages, which is given by 1 2 ,
where, Vx1O, Vx2O is the pole voltage of VSC1 and VSC2, respectively and Vx,g is the grid voltage. 
Current controller design
Depending on the feedback variable, grid current or converter current, the model of the plant is different. In this section the transfer functions are presented for both cases. Moreover, the controller design is also shown for the above mentioned feedbacks.
The scheme of the control system is depicted by Fig. 3 . The plant transfer function is Gf(s), the delay introduced by the converter and the controller is represented by Gd(s), and Vg is the feed forward term of the grid voltage, and I is the current feedback value. The current controller used for this analyses is the Proportional-Integral (PI) controller. Since, the PI controller has better performance for dc values than for ac values [17] , the inputs and the outputs for the controller are obtained by using the synchronous reference frame.
The transfer function of the PI controller is represented by
where, Kp is the proportional gain, while Ki is the integral gain of the controller. Fig. 3 Grid current controller including the grid voltage feed forward and delay introduced by the converter
As stated previously, the plant transfer function Gf(s) depends on the feedback signal used. In this paper, two different feedback signals are considered: the first one is when the grid current is used as a feedback signal (Ix,g); and the second one is when the feedback signal is the converter side current i.e. Ix,1.
The transfer function of the converter (Gd(s)) is
where, td is (1/2)fsw.
Using the root locus theory, the parameters of the PI controller are obtained from the discrete time domain analysis. To obtain the discrete transfer functions, the continuous transfer functions were discretised using the Tustin method. For a fair comparison for both cases, the controllers were chosen to have a damping factor of 0.7. The values of the parameters used for the simulation and experimental results are given in Table I . 
Grid current controller-grid current feedback
When the grid current (Ix,g) is used as a feedback signal the transfer function of the plant is described by (8) . 
To achieve the desired damping factor (0.7) for the system with the grid current feedback Kp parameter is 9 and Ki is 3400.
In Fig. 4 , the root loci of the transfer function defined in (8) is depicted, while in Fig. 5 the Bode plot of the system, where the grid current is used as an output, is presented. The value for the KP is read from the root locus plot, while the value of the Ki is chosen to be the value of the dominant pole (closest to the origin) of the transfer function in (8) . The Bode plot shows the frequency response of the system, with and without the controller.
Grid current controller-converter side current feedback
The same procedure has been repeated for the system when the output of the transfer function is the converter current. In this case it has been found out that the KP value is 11.5 while Ki is 3400, for the same design criteria. It can be noted that in this case the parameters are the same as in Table I , the only difference is that the value of Ld is twice compared to the previous case. This is due to the fact that the plant seen by the controller contains two filter inductances connected in parallel and its resultant value is Ld. 
In the Fig. 6 , the root loci of the transfer function defined in (9) is depicted, and in Fig. 7 the Bode plot of the same transfer function is presented.
Comparison of the system with the grid current feedback and the converter current feedback
When comparing the Bode plots for the two cases (Fig. 4 and Fig. 6 ), it can be observed that both of the systems are stable, and they have similar phase margins. Furthermore, the bandwidth of the controllers are close to each other. For the grid current feedback is 313 Hz and for the converter current feedback is 277 Hz.
However, when the root loci of the two transfer functions are compared ( Fig. 5 and Fig. 7) , it can be noticed that when the converter current is used as a feedback, the poles will remain inside the unity circle. While, when the grid current is used, the poles will move outside of the unity circle if the gain is about a certain value.
The simulation results were conducted using MATLAB/Simulink and PLECS software environment. During the simulation study, at 0.06 s there is a step change in the Id reference grid current from 20% to 100%. For the grid current feedback case, the step was applied for the grid current from 20% to 100%, while for the other case, the reference change was applied for the converter current. Because of the existence of the trap branch and the passive damping, in the case of converter current control the power factor of the grid current will not be 1. For both of the feedback cases the following quantities are shown: (a) current of phase A for VSC1 and the same current for VSC2 (b); the circulating current between the converters (c); the sum of these two currents in (d); while in (e) the normalized grid current and grid voltage are presented. Although the behaviour of the system for both of the cases is similar, there is a difference in the circulating current. When the grid current is used as a feedback, the circulating current only has high frequency components. However, for the case when the converter currents are used as feedback, the circulating current has a 50Hz component. This is due to the fact that in the case of converter current control, the controllers will have different outputs because the controllers work against each other. While in the case of the grid current feedback, the same reference signals are applied to both of the converters. The results are presented for the grid current feedback in Fig. 9 , while Fig. 8 shows the results for the converter current feedback.
For a better comparison of the controllers' performance, Id and Iq currents are presented in Fig. 10 . As previously mentioned, there was a step change applied for the current references at 0.06s. The Iq current for the case of the grid current feedback is 0 whilst the Iq current for the converter current feedback has an offset. This is expected since, there is no compensation for the current taken by the trap branch and the passive damping. The step change is only applied for the Id current, but because of the lack of the cross coupling term it has an effect also on the Iq current. However, the authors consider that the effect is small and there is no need for adding the cross coupling terms.
Experimental Results
In order to test the performance of the two different controllers, an experimental setup consisting of two VSCs connected in parallel has been built. The controller was implemented using the Texas Instrument TMS320F28346 microcontroller unit. The parameters of the system were identical with the ones used for simulation. To avoid grid harmonics, an MX30 grid emulator from California Instruments has been used. During the experimental tests, steady state and transient operation was observed for both of the feedback cases.
To test the performance of the controller during transient operation, a load step was introduced from 20% to 100% load. When comparing the converter currents during steady state operation for the grid current feedback (Fig. 11 ) with the converter current feedback (Fig. 15) case, it has to be noted that the RMS values of the converter currents (IA1 and IA2) are not equal for both situations. Because the circulating current is the difference of these currents, for the case of the converter current feedback the circulating current will have a 50Hz component. This can be explained by the difference between the reference signals applied to the VSCs by the individual controllers. The grid current and voltage is presented for the steady state ( Fig. 13 for grid current feedback and Fig. 15 for converter current feedback, respectively). The transient response is captured in Fig. 12 for the grid current feedback and Fig. 16 for the converter current feedback, respectively. When the grid current is used as a feedback, the circulating current remains the same before and after the step change has been applied. However, in the other case the 50Hz component of the circulating current is higher after the reference has been changed. Meaning that the difference between the controllers output is higher for higher current references. The performance of the individual currents is similar for both cases. The grid current in the case of the grid current feedback (Fig. 14) has a slightly bigger overshoot than it is for the converter current feedback (Fig. 18) . All of the experimental results prove that the findings in the simulation are valid. 
Conclusion
In this paper the focus was on differences between the current controllers used to control a high order filter interfaced grid connected converter system. It can be concluded that the performance of the current controllers are different even though the design criteria for the controller design was the same. When the same control signals are applied for both of the converters, the current between the VSCs is shared equally if there is no difference in the system parameters. Another advantage of this solution is that it is enough to measure only the grid current, there is no need to measure the individual VSC currents. However, if there is mismatch in the parameters between the VSCs, a low order circulating current will appear between the VSCs which has to be suppressed, this can only be done by introducing a circulating current controller. Moreover, the circulating current will required the individual VSC currents, hence additional sensors are required increasing the cost of the system.
On the other hand, if every VSC has its own current controller, there is no need for the grid current sensor. Because the individual current controllers are working against each other and because of the parameter mismatches between the VSCs there will be a low frequency circulating current, which has to be controlled. In this case there is no need for additional current sensors. However, because of the presence of a parallel trap filter and passive damping, the correct power factor of the power injected to the grid can only be ensured if there is a compensation for the reactive power consumption of the trap filter and passive damping. This can be done by either, measuring the current which is going to the parallel connected trap filter and passive damping, or by measuring the grid current or by knowing the parameters of the trap filter and the passive damping, one can estimate the reactive power flowing into it and can compensate for it.
Regarding the transient operation, it can be concluded that for the given design criteria (damping factor of 0.7) the grid current controller will have a little bit bigger bandwidth, however, the gain of the system in this case has to be carefully selected, since the system will become instable for a variety of gains. This problem is not present in the converter current feedback case, since from the root locus it can be seen that the poles of the system remain inside the unity circle.
